For aerocapture a single case is studied to explore the feasibility and benefits of this option.
INTRODUCTION
Ever since Voyager-2 flew past Uranus in January 1986 and gave us our first glimpse of the planet, there have been no follow-on missions to any of the Ice Giants -Uranus and Neptune. The results of exo-planet searches by means of transits and microlensing and analysis of data obtained by Kepler team reveals that Ice Giant size planets are significantly more abundant than Jupiter size Gas Giants [1] . Our knowledge of Ice Giants directly informs exo-planet studies because we can study local Ice Giants, like Uranus, with exquisite spatial resolution and sensitivity as well as with in-situ analyses by planetary probes [2] . At present, our understanding of the atmospheric thermal structure, the nature of stratospheric heating, atmospheric elemental and isotopic abundances is poor. As mentioned in the Decadal Survey, the best approach to understand a giant-planet heat flow and radiation balance would be a systematic program to deliver orbiters with entry probes. The probe would be able to determine the atmospheric composition, cloud structures and winds as a function of depth and location. While Gas Giants have received some attention with Galileo, Cassini, and Juno missions there has not been any planned mission to either of the Ice Giants. A mission combining an orbiter and a probe will revolutionize our understanding of Ice Giants properties and processes, yielding significant insight into their evolutionary history. Our current understanding of Uranus atmosphere is poor. Therefore, a clear understanding of the atmosphere and other attributes of these planets is highly valued and desired by planetary scientists. An added benefit of exploring Uranus is that learning gained for studying a local Ice Giant would be helpful in understanding exoplanets, a vast majority of which are similar to Uranus.
A Flagship mission (including an atmospheric entry probe) to Uranus has been called out in the National Research Council's Planetary Science Decadal Survey as one of the three highest priority Flagship missions for the period 2013-2022. The present paper provides an in-depth analysis of entry trade space for Uranus based on the general mission concept outlined in the Decadal Survey. This study is funded by the Entry Vehicle Technology project from In-Space Propulsion Technology program to enable future Flagship and New Frontiers mission designs. However, the present study is not intended to design a specific mission concept but to provide trade studies for Uranus atmospheric entries for future mission designs that include entry probes. Therefore, the focus is not on trajectory analysis and optimization, but on establishing a range of probe atmospheric entry environments for a few given viable trajectories that are described in Section 2. An engineering atmospheric model discussed in Section 3 was constructed for probe atmospheric entry analysis. Parametric studies were conducted by varying the probe Entry Flight Path Angle (EFPA), for a wide range of ballistic coefficients. Section 4 provides the details of the design trades. In order to have a more gentle entry (reduced G loads on instruments and reduced heating on the aeroshell), the viability of aerocapture was also investigated. Section 5 provides a case study for aerocapture. Section 6 summarizes the results. Finally, we have tried to identify the entry technologies that could be leveraged for future missions and provided recommendations for future work in Section 7.
TRAJECTORY DESIGN
Two separate launch windows were considered to provide viable trajectories and entry vectors for Uranus arrival. A 2020-2022 launch opportunity was assumed for the first set of trajectories, and for the second set, 2033-2034 launch opportunities were asswned. The Satellite Tour Design Program (STOUR) [3] was used to establish an optimum phasing of the planets. A set of trajectories based on chemical propulsion, with Earth launch, Jupiter flyby and Uranus arrival (EJU) were found by using STOUR. The magnitude of the Earth departure hyperbolic excess velocity vector, VX! , was limited to 10 km/s. Likewise, the constraint of the Uranus arrival, Voo ,was limited to 12 km/s. A selected set of EJU ballistic trajectories found in STOUR was analyzed in more detail in Mission Analysis Lo-Thrust Optimization (MAL TO) software [4] based on the patched conic trajectory optimization method. An Atlas V (551), which has the highest injected mass performance in its Launch Vehicle (LV) class, was selected to be the launch vehicle for this study. The EJU direct trajectories can deliver on average � lOOO kg of spacecraft mass at a minimwn of eight years of flight time. The Jupiter gravity assist can substantially reduce the trip time for the potential future Uranus probe missions. The conceptual study has not imposed a hard constraint on the Uranus probe mass; hence most of the trajectories with a spacecraft delivered mass greater than 500 kg, can be feasible for the outlined EJU trajectory design. To ensure that the trajectories will avoid Uranus' extensive 2 ring system, further optlllllzation and visualization of trajectories were performed for both 2029 and 2043 arrivals. A summary of the selected trajectory parameters for the two arrival dates are provided in Table 1. The visual  representation of the arrival geometry for the 2021 April 30 Earth launch and 2029, Apr 28 Uranus arrival is illustrated in Figure 1 . For this trajectory the probe enters at the back side of the planet. The visual representation of 2043 arrival is shown in Figure 2 , which demonstrates that the probe avoids the ring system during entry. It should be noted that further trajectory analysis is required to ensure all the communications and science requirements. This task is beyond the present scope of this work. The next sections focus on the entry trades performed for these two selected trajectories. Image produced by Rick Winski.
ATMOSPHERE
In order to analyze the probe entry trajectory and aero thermal heating, it is important to have a reliable atmospheric model for the planet that would cover a wide range of pressure from I x 1 0 6 Pa (below zero altitude) to lx10- [5] . The atmospheric models originating from the Voyager-2 flyby were published by G.F. Lindal, et al [6] for the lower atmosphere and F. Herbert, et al [7] . for the upper atmosphere. Herbert' s original paper was later superseded by a paper by J. Bishop, et al [8] . The fIrst review paper concerning the atmosphere of Uranus was by J.1. Lunine [9] . Justh' s model provided atmospheric composition as a function of altitude along with thermodynamic state [10] . Figures 3 and 4 show the temperature vs. pressure profile for these models. Both the figures show that each of these models have in the range of 500 Pa to 5 Pa range that corresponds to 150 -500 km altitude. It was important to reconcile the differences in the different published model in order to perfonned atmospheric entry studies for Uranus. Therefore, each of these models were digitized and an engineering model was developed that merges the different models and covers the pressure range corresponding to 5000 km altitude at Uranus. This engineering model is shown in Figures 3 and 4 with the originally published models. This engineering model was implemented in the 3DOF trajectory 3 tool -TRAJ [11] to further analyze the ballistic entry trajectories of probes. In general, pressure, temperature and gas composition are suffIcient to define equilibrium thermodynamic state for trajectory analysis. The gas composition was asswned by mole fraction to be: H 2 = 0.85, He = 0.15. TRAJ has equilibrium chemistry subroutines based upon the Chemical Equilibrium with Applications (CEA) program written by Gordon and
McBride [11] . The TRAJ equilibriwn chemistry subroutines were used to calculate the thermodynamic and transport properties for the Uranus atmospheric model for temperature regime above 200K. Uranus ambient temperature goes below 200 K at altitudes below 500 km.
For those altitudes, low temperature models for H, H 2 and He, were obtained and from Los Alamos Laboratory and implemented in the current model. The engineering model described in the present section was used for entry analysis for both direct ballistic entry as well as aerocapture. The next two sections describe these analyses in detail. Figure 5 . Therefore, instead of taking entry interface altitude of Galileo and Saturn probes, a preliminary analysis was performed to estimate the heat soak prior to entry. Based on heat-load and initial heat flux calculations, an entry altitude of 3000 Km was considered for all the trajectories with ballistic entry to avoid excessive heat soak prior to entry. The vehicle geometries for this study were derived from the Galileo Probe. The Galileo Probe nose radius to base radius ratio of 0.351 and the cone half angle of 44.86 deg. was replicated for all vehicle shapes investigated, as shown in Figure 6 . Tauber aerodynamic model for the Galileo Probe was used for trajectory analyses [13] . The Tauber convective and radiative heat flux model was used for aerothermal analysis [13] . 
BALLISTIC ENTRY
where mE is the entry mass, Ab is the area of the base, and
Db is the diameter of the base and CD is the hypersonic drag coefficient. The ballistic coefficient numbers shown in Figure 7 . This is an extremely high value and would require special qualification for science instruments. Figure 8 shows the three traces representing the same three ballistic coefficients plotted as functions of peak stagnation pressure versus EFPA. The constraint of 10 bar maximum (which is conservative) stagnation pressure is applied. The 10 bar limit comes from TPS spallation limit in the arcjet and is somewhat conservative. Assuming this constraint, it can be seen that the steepest allowable EFPA for f3E= 379 kg/m 2 is _28°. The point to be noted here is, that based on Pioneer Venus probe, a higher pressure limit could be applied to allow steeper entry even for higher ballistic coefficients. The Decadal Survey study considers the pressure of about 18 bars which is a very high value for TPS performance. The plots shown in Figure 8 also reveal that we have a very small window corresponding to EFP A of -21 ° to -19.5° where the pressure will be below 1 bar and a low density TPS material, like Phenolic Impregnated Carbon Ablator (PICA), could be a possibility. This option needs further exploration for Discovery Class missions. The cold-wall stagnation heat flux values are shown in Figure 9 based on Tauber' s correlation model in TRAJ software. The blue star on the figure shows the value listed in the Decadal Survey for _68° EFPA. Note the TRAJ predictions are slightly higher than the Decadal Survey value. Detailed Computational Fluid Dynamics (CFD) studies were conducted for a few points to verify TRAJ and Decadal Survey results. Heat load variations for the same three ballistic coefficients are shown in Figure 10 . Heat load rises exponentially for EFPA shallower than _24° which would require a very high TPS mass in order to maintain safe bond line temperature. Figure 11 shows the mass estimates for fully dense carbon phenolic TPS material. For lower ballistic coefficients this mass rises very rapidly. Therefore, in order to be efficient one has to use higher than fle = 150 kg/m2 value. As we discussed earlier, for higher ballistic coefficients we have a relative small window for optimum flight path angle which could meet the deceleration and pressure constrains and still provide a viable probe option. Figure 12 shows the contour plots of thousands of trajectory points for various EFP A plotted against varying ballistic coefficients for 130 kg probe mass. The red lines on the plots show the corresponding stagnation point heat loads, blue lines show the peak stagnation pressures and green lines show the deceleration loads. This helps to understand the different TPS options we could have based on a selected trajectory. It also shows that a mid-density TPS material could be a viable option for a wide range of trajectories. The 2043 trajectories were very similar to 2029 arrival trajectories. Therefore, we are not showing the results from 2043 arrival. The next two subsections describe the specific case studies that were performed for selected direct ballistic entry trajectories. -(conicailiank point)
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Computational fluid dynamics studies fo r direct ballistic entry
High-fidelity flow simulations using the CFD software to YE = -32°, and -24° were selected. The peak points of the heat flux and stagnation pressure for each of the trajectories were selected for high-fidelity flow simulations. In addition to these two key points -peak heating and peak dynamic pressure points -three other points are selected to allow a reasonably accurate time reconstruction of heat flux/heat load for material selection and sizing. The shock layer is assumed to be in thermal equilibrium, T rot = T vib = T trans = Te1ec. as the pressure levels are expected to be high (1 bar = 10 5 Pa or greater -see Figure 8 ). In addition the gas mixture at the wall is assumed to be in thermodynamic equilibrium due to high wall pressure. The wall is assumed to be "passive," i. e. , the response of the heatshield material is not coupled to the imposed environment. For laminar transport properties (viscosity, thermal conductivity, and mass diffusion), Gupta-style curve fits and mixing rules are used [18] . In lieu of a true multicomponent diffusion model, a self-consistent effective binary diffusion model is used [19] . For turbulent transport, the simple algebraic model of Baldwin and Lomax [20] is used in the computations.
The radial distributions of equilibrium hot wall heat fluxes for EPFA, YE = -42° with f3e = 268 kgjm2, YE = -24° with f3e = 150 kgjm2, that were considered as bounding cases based on pressure and deceleration constrains are shown in Figure 13 . Along with the bounding cases the extremely steep Decadal Survey trajectory YE = -68°, with PE = 268 kgjm2, is also shown for comparison. The results shown in Figure 13 are from computations at the peak heating points along the trajectories. These results are particularly encouraging in that the unmargined turbulent convective heat fluxes do not exceed 3 kW/cm 2 even at the steepest entry angle of -42°. It should be noted that the corresponding cold-wall heat fluxes can be very high as shown in Figure 9 for similar trajectories. The radial distributions of surface pressure for the bounding cases are shown in Figure 14 . These results are from computations at the peak dynamic pressure points along the candidate trajectories. Clearly, for an extremely steep entry (YE = -68°) the pressure at the stagnation point is well in excess of 10 bar, which is considered the spallation limit for fully dense Carbon Phenolic type TPS material. Even for a -42° entry flight path angle the stagnation point pressure is above 12 bar. For the shallow entry angle (YE = -24°), the stagnation point pressure is roughly 2 bar, and about half that along the flank. The pressure levels for the bounding cases justify the choice of an equilibrium catalytic wall. The radial distributions of turbulent shear stresses are shown in Figure 15 for peak pressure points. The magnitudes of turbulent shear, especially the levels on the conical flanks, clearly show their importance to the design of the heatshield. The shear levels on the spherical nose portion of the heatshield are of the order of 2 to 3 kPa, and about 2 to 5 kPa on the conical flank. These levels are about an order of magnitude higher than those experienced by a typical Mars entry capsule. The adiabatic (or uncoupled) radiative heat flux is determined using a spectral line-by-line code, NEQAJR [21] , for lines of sight extracted from converged flowfield solutions provided by DPLR. The adiabatic value is then corrected for coupling (also referred to as radiative cooling) using a correlation developed by Tauber and Wakefield [13] . The heating due to radiation was found to be negligible for all cases. A more detailed description of the flow field analysis will be published in near future.
7

TPS Sizing of Ur anus Entry Capsules
TPS sizing was performed on the two capsule configurations described in the previous section, 130 kg probe mass, YE = _68°, PE, = 268 kg/m 2 listed as CFD-l in Table 3 and 200 kg probe mass, YE = -24, PE, = 150 kglm 2 listed as CFD-2 in Table 3 . The sizing was performed at two locations for each configuration, stagnation (nose) region and flank region as shown in Figure 6 . The Fully Implicit Ablation and Thermal response program (FIAT) [21] v3.0.0 was used to calculate the transient, ablative thermal response and optimize the TPS thickness.
The fit functions for surface pressure Pw, edge enthalpy He and heat transfer coefficients were used to create time histories of the external environment for the two regions for both probe configurations. It is assumed that the heatshield will be ejected from the probe at the point in the trajectory when the probe decelerates to Mach 0.85. This occurs at 152 seconds and 458.2 seconds for the 130 kg and 200 kg probes, respectively. At that time the external environment history ends, the transient thermal analysis was stopped. Due to the extreme heating and pressure environment, TPS material, fully dense carbon phenolic was used in the analysis. It was assumed that the TPS was bonded directly to the structure using RTV-560. The structure was assumed to be 0.32cm thick aluminum with an adiabatic back wall condition. A constraint on the allowable temperature of the aluminum structure of 250° C was imposed. Table 3 shows the results of the sizing analysis. All of these thicknesses were calculated using unmargined aerothermal environments and no margins were added to the results. The thickness is greater for the 200 kg, _24° EFPA case because this configuration sees a longer heat pulse resulting in higher integrated heat load (see Figure 14) . The 130 kg, -68 FP A case has a shorter heat pulse, however the peak heat flux ( Figure 14 ) is higher resulting in more recession. The TPS sizing and mass results are compared to the Decadal Survey [2] probe in Table 3 . It is assumed that the Decadal Survey used a single thickness TPS solution, so only the results for a single thickness of carbon phenolic are used. The Decadal Survey probe most closely correlates to the CFD-l case and the mass results are very close. 
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AEROCAPTURE
After looking at the number of constraints that are caused by high deceleration, stagnation pressure and also the need for steeper EPF A for communications, the team started investigating other atmospheric entry options and a feasibility study of aerocapture was performed, The potential benefits of aero capture include lower deceleration, lower surface pressure on the probe and lower heat fluxes. Thus it enables the use of more sensitive science instruments as well as lower density TPS materials.
The objective of this part of the study is to explore the use of an aerocapture maneuver performed by a mid Lift-to Drag (LID) orbiter vehicle to a highly elliptical, I-Uranus day, orbit. At the orbit apoapsis, the orbiter will release the entry probe which will then ballistically enter Uranus' atmosphere. Figure 16 and Figure 17 illustrate the sequence of events for the aerocapture and de-orbit maneuver at Uranus. 
Geometry
A mid LID shape was selected that would envelope the orbiter vehicle proposed in the Uranus Decadal Survey [2] while also fitting within an Atlas V launch shroud. The mid-LID shape is based on a scaled and truncated version of an optimized 10m wide by 30m long mid-LID class shape referred to as 'CobraSQ' , which was optimized for a Heavy Mass Mars Entry System (HMMES) mission as described in reference 23. The specific Uranus shaped shown in Figure  18 is a 35% scale of the COBRA14297 shape described in reference 23, with an additional length reduction achieved by truncating the barrel section aft of the nose to achieve a vehicle total length of 5.1 m in order to fit within the Atlas 551 launch shroud. The probe geometry is the same as was used in the Decadal Survey. It is a 45° sphere cone with a base diameter of 77 cm and mass of 130 kg.
Aerothermodynamic Results
Assuming a fully turbulent flow, the engineering aerothermodynamic tool CBAERO [23, 24] was used to generate an aerothermodynamic database to determine the aerodynamic and aerothermodynamics environments needed by both the trajectory analysis tool, and the thermal protection sizing tool. The aerothermal database for the mid LID COBRA shape is discussed below. Details for the probe are covered in the TPS sizing section. In order to get a Lift-to-Drag ratio (LID) of 0.5, the mid LID COBRA shape was trin1med an angle of attack of � 48 degrees. Figure 19 shows the surface pressure contour at the peak dynamic pressure point along the aerocapture trajectory for the mid-LID aeroshell. The engineering methods in CBAERO predict no radiative heat flux for this planet, therefore all aeroheating is assumed to be convective. 
URANUS
Aerocatpure Trajectory Results
The orbiter dry mass was assumed to be 906.5 kg, based on the Decadal Survey report [2] .
At the entry interface altitude of 3000 km, the inertial velocity and flight path angles are 22.35 km/s and -19.45°, respectively. The total energy at entry interface is
where G is the universal gravitational constant, M is Uranus mass, and r is the distance from Uranus center. Based on previous aerocapture work [22] for Mars, the captured orbit was chosen to be I-Uranus day orbit (�17.24 hours) with periapsis =5000km and apoapsis =109,650km. The total energy associated with this trajectory is -3.50x10 11 m 2 /s 2 .
The trajectories presented in this study were simulated using the 3DOF version of the Program to Optimize Simulated Trajectories II (POST II) [25] . The engineering atmospheric model, mentioned in Section 3 of this paper was used and Uranus gravity is modeled as an oblate planet with a harmonic coefficient J2= 3.34 e-3. Figure 21 shows the altitude and bank angle time histories of the aerocapture trajectory. As seen in Figure 21 , the aero capture maneuver dissipates the required energy by diving down to an altitude of 368km. The bank angle is modulated to keep the orbiter heading south.
At the apogee (altitude=109650 km) of the captured orbit, the orbiter will release the probe then continue to orbit around Uranus. The probe performs a de-orbit maneuver and flies a ballistic trajectory to enter the Uranus atmosphere. The probe trajectory simulation ends when the altitude is 10km. At this altitude the probe Mach number is slightly over 0.2 and the total energy is approximately 2.23xlO 8 m 2 /s 2 . The aero capture maneuver dissipates 30%
of the entry energy. The probe entry flight path angle is determined by the de-orbit L1 V. Two probe trajectories associated with two L1 Vs were considered in this study. The two L1 Vs were chosen to give two limiting cases for the probe entry trajectories: 1) Shallow entry with L1 V=279 mls and 2) Steep entry with L1 V=291 m/s. Assuming the de orbit rocket has a specific impulse Isp=350s, the propellant required for de-orbit is 7.8% and 8.1% of the probe mass for the L1 V=279 mls and 291 mis, respectively. Table 4 lists the entry conditions for both the orbiter and probe. Figure 23 and Figure 24 show the altitude and dynamic pressure time histories of the orbiter' s aerocapture, probe shallow ballistic, and probe steep ballistic trajectories. The time scale is merged for plotting purposes only. In reality, the aerocapture trajectory lasts more than 17 hours as the orbiter flies from the entry interface altitude of 3000 km, reaches the lowest altitude � 370 km, and climbs until it reaches 109650km. The orbiter flight time from entering to leaving the Uranus atmosphere is 1874 seconds. The shallow entry flight path angle for the probe is determined such that the flight path angle during flight is never positive, i.e. the rate of climb is never positive. As seen in the green line of Figure 23 , the probe shallow trajectory approaches �300km and then holds level flight for �300 seconds. The steep entry flight path angle for the probe is determined such that the un-margined surface peak pressure is less than 0.8 bar or an approximate dynamic pressure of 0.4 bar to enable the use of lighter TPS materials, such as PICA, for the heatshield. 
TPS Sizing Results
TPS sizing analysis was performed for both the mid LID orbiter vehicle during aero capture and the probe for ballistic entries from orbit. The aerothermal environments for each vehicle and trajectory combination were created using the CBAERO [23] utility CBTPS. Contour plots of the max unmargined convective heating are shown in Figure 29 for the orbiter and Figure 30 for the probe. For the orbiter during aerocapture, the maximum unmargined hot-wall convective heating is 149 W/cm 2 . For the probes during entry it is 291 W/cm 2 and 391 W/cm 2 for the shallow and steep entries, respectively. Figures 24, 25 , and 31 show the time histories of dynamic pressure, convective heating, and shear load for the orbiter and probe. These values are within the capabilities of PICA, so fully dense carbon phenolic is not required. For the probe cases, the environment calculations were stopped when the probe reached a Mach number of 2, due to the lower limit of the CBAERO aerothermodynamic database. As seen in the heat flux history in Figure 25 , the heating is quite low at the end of the trajectory near Mach 2. However, since the probe is expected to retain the heatshield until Mach 0.85, the thermal analysis was continued with no heating but allowing for soak-back until the time in the trajectory when the probe would slow to Mach 0.85. All areas where the surface temperature stayed below 1366 K were assumed to be covered by thermal blankets.
W/cm2
All areas where the temperature was 1366 K to 1644 K were assumed to require insulative tiles. Any area seeing a temperature above 1644 K was assigned the ablative material, PICA. The resulting splitlines are shown in Figure 32 . For the probe, the entire heatshield was assumed to be covered with PICA. The back shell of the probe was not modeled or analyzed. The TPS analysis was performed using TPSSizer [26] which uses the ablative thermal analysis code FIAT. For all PICA runs, the material thicknesses were PICA, 0.02 cm RTV-560, 0.14 cm SIP (Strain Isolation Pad), 0.02 cm RTV-560 and the structure. The structure for the orbiter was assumed to be 0.25 cm GrBMI, 1.27cm aluminum honeycomb and 0.25 cm GrBMI.
This structure is based on Mass Estimation Relationships (MERs) that are not confIrmed for this scale of vehicle and should be revisited with higher fIdelity analysis. If maintained over the entire COBRA shape, the mass of this structure wo � ld be 451 kg . . The probe structure was 0.32 cm of alummum to be consIstent with the direct ballistic entry probe analysis portion of the Uranus study. The aluminum thickness of 0.32 cm gives the probe structure a mass of 5.8 kg. The thermal constraints were: 560 K on the bondline adhesive RTV (Room Temperature Volcanized) and 450 K on all the structure materials. All results are unmargined to be consistent with 13 the Decadal Survey and the results for the direct ballistic section of this report. The TPS thickness results for the aero capture case using the COBRA orbiter shape are shown in Figure 33 . Results are given for the windward ablator section using PICA and for the leeward insulator section using tiles and blankets. Figure 34 show contour plots of the varying thickness TPS for the probe for shallow and steep entries. 
Comparison of Aerocapture to Propulsive Capture
The mass required for aerocapture is mainly dependent on the TPS and structural mass of the aeroshell required to achieve the aero capture trajectory maneuver. The results of this study show that an aero capture maneuver is a viable alternative to propulsive capture. Table 5 shows a comparison between the relevant aerocapture subsystem masses as compared to the Decadal Survey propUlsive capture approach [2] showing approximately a 375 kg mass savings with aerocapture. It should be noted that the propulsive capture propellant shown in Table 5 
Comparison of Probe Entry from Orbit to Decadal Survey Probe
Some key masses for the probes analyzed are compared to the probe from the Decadal Survey in Table 6 . In all cases, the probe is assumed to be the same shape and mass: 130 kg, 45° sphere cone with base diameter of 77 cm. The probe in the Decadal Survey requires a carbon phenolic heatshield due to the high heating predictions. Alternatively, the probes entering from orbit experience a 14 milder environment enabling the use of a lighter weight and more readily available TPS material such as PICA. This results in a lower mass requirement for the TPS (and also the aeroshell structure). However, the probes entering from orbit also require deorbit propulsion whereas the Decadal Survey probe did not.
(The deorbit propulsion mass estimates were based on MERs.) As a result, the total aeroshell and propulsion masses are slightly higher for the probe entering from orbit then for the Decadal Survey probe. This small increase in mass would need to be traded with the advantages of a more available TPS material. 
SUMMARY
The present work not only provided the in-depth analysis of Uranus entry concepts outlined in the Decadal Survey but went significantly beyond that in terms of providing the entry options for larger and heavier probes as well as looking at the possibility of aerocapture option. Suitable entry vectors corresponding to 2029 and 2043 arrivals were established based on Earth-Jupiter-Uranus, chemical propulsion based trajectories. We were able to select trajectories that avoided the wide Uranus ring system. An engineering atmospheric model that combined the various published atmospheric models was constructed in order to perform atmospheric entry analysis. A ballistic coefficient matrix was created in order to include several different probe mass and diameters for this study. The Galileo probe geometry was scaled to analyze various probe mass and diameter combinations. Thousands of entry trajectories were generated using the in-house code, TRAJ, by varying the EPF A for various ballistic coefficients. The constraints for the upper limit of EFP A were determined based on deceleration and pressure loads. A deceleration load constraint of 200G determines the upper end of the EFP A to be _42° for low ballistic coefficients. Skip-out determines the shallowest possible entry (lower limit for EFPA) for Uranus which is close to -19.5°. CFD analysis was performed for a few selected trajectories to calculate heat flux, pressure and shear load over the entire wetted area of the probe. It was found that the convective heating dominated the aerothermal heating at Uranus and heating due to radiation was negligible. The shear and pressure loads were significant for direct ballistic entry and, therefore, put the constraint on the use of low density TPS material like PICA. Various existing TPS options were examined for the entry analysis. It was discovered that there is a very narrow window where PICA may be an option for direct ballistic entries. It should be examined as a case study for discovery class missions. The TPS sizing for fully dense carbon phenolic was performed.
An aerocapture maneuver assessment for a l-Uranus-day orbit using a mid LID aeroshell for the orbiter was performed. The results show that an aerocapture maneuver is a viable alternative to propulsive capture. The analyzed aerocapture maneuver dissipates �30% of the entry energy. Aerocapture to lower orbits can dissipate more energy but require more 11 V, hence more propellant, for the probe de orbit maneuver. Two limiting cases of the probe ballistic trajectories were simulated. The shallow trajectory peak surface pressure is 54% compared to the steep trajectory. The shallow entry heat flux and heat load are 60% and 172% relative to the steep entry values. The overall mass for the probe may increase due to the additional requirement for deorbit propellant. However, the peak values of heat flux and surface pressure enables the use of alternate TPS material such as PICA, which may be desirable. Since the heatshield thickness, hence mass, is determined by the heat load, these results suggest that the steep entry is a more desirable entry.
RECOMMENDATIONS
As mentioned in earlier sections, the scope of the present study was somewhat limited. While we extended the Decadal Survey study to investigate the various atmospheric entry options, more extended trade studies are required to address open issues that are listed below. There are several different areas where future work can be extended. It can be broadly categorized into three topics, although they are interrelated: 1) Studies addressing broad science based objectives, 2) Entry system technology development and 3) Mission design and optimization.
Studies Addressing Broad Science Based Objectives
While in the present study we tried to address the ring avoidance, a thorough understanding of the location and gap 15 between the rings is required to perform trajectory analysis to optimize Uranus entry. Also, in the present study the communication aspect was overlooked. Trajectory analysis is required while addressing the need for an optimum communication window. For both these studies a collaborative effort, including planetary science community, mISSIOn designers, communications team and entry technologists, will be needed. Literature survey and communication with planetary science community shows the different atmospheric models for Uranus. Based on the date of arrival the probe may encounter different atmospheres. It is important to understand the effects of these changes in atmospheric entry parameters and perform sensitivity studies to various atmospheric models.
Entry System Technology Development
There are several different studies that can be covered under this topic. The use of PICA could be examined as a case study for discovery class missions. Infusion of new enabling technologies like woven and conformal TPS can be examined to fill the TPS gap. The present studies show one example of aerocapture case studies. More in-depth aero capture analysis is needed for both orbiter and probe. Future work for aerocapture should include a trade between the captured orbit versus de-orbit 11 V.
In addition, a higher fidelity structural analysis, along with a full vehicle closure, should be completed in order to get a more accurate estimate of the overall mass comparison between aero capture and propulsive capture.
Mi ssion Design and Optimization
Under this topic, in-depth analysis for flagship class missions can be performed with various case studies. In addition, options like secondary payloads from SLS launch to Uranus can be examined.
The present work concludes the funded study directed by In Space Propulsion Technology (ISPT), Program. A NASA TM will be published at a later date in order to document the full details of present study.
